Introduction {#section1-1756284818815334}
============

Tryptophan (TRP) is an essential amino acid playing several important structural and functional roles in the gastrointestinal tract.^[@bibr1-1756284818815334]^ TRP functions as a biochemical precursor for serotonin (5-hydroxytryptamine, 5-HT), melatonin and niacin. Additionally, since TRP is abundant in transmembrane domains of membrane-bound proteins, it is essential for protein stability/assemblage to the phospholipid bilayer, playing an important 'anchoring' role.^[@bibr2-1756284818815334]^ TRP is essential nutrient, mammals are not able to synthesize it, and it has to be obtained from the TRP-reach foods (oats, milk, yogurt, cottage cheese, red meat, eggs, fish, chocolate, etc.).^[@bibr3-1756284818815334]^ After food digestion, TRP is absorbed by the gut epithelium and then transported *via* the bloodstream to the cells to be used for the synthesis and turn-over of proteins.^[@bibr4-1756284818815334]^ Depending on their function and metabolism, different cells require diverse, but strictly defined amounts of TRP and, accordingly, TRP absorption in the gut is a strictly controlled process. Since, among all amino acids, TRP has the lowest affinity for Na^+^-dependent transmembrane protein, expressed on the apical membrane of intestinal enterocytes, this carrier molecule regulates TRP absorption in the gut and controls its subsequent transport and biotransformation.^[@bibr4-1756284818815334],[@bibr5-1756284818815334]^

TRP metabolism follows three major pathways: (a) gut microbiota-dependent transformation of TRP into several molecules, including ligands of the aryl hydrocarbon receptor (AhR) that are able to alter function of epithelial barrier and immune homeostasis in the intestine; (b) TRP hydroxylase-1-dependent regulation of 5-HT production in enterochromaffin cells; (c) indoleamine 2,3-dioxygenase (IDO)1-mediated kynurenine (KYN) pathway which plays a critical role in several fundamental biological processes in the gut, including regulation of epithelial cell viability and modulation of immune response.^[@bibr1-1756284818815334]^

In this review article, we summarize current knowledge about molecular and cellular mechanisms that are involved in IDO/KYN-dependent modulation of inflammatory and malignant diseases of the gastrointestinal tract. We provide a brief outline of experimental and clinical studies that increased our understanding of how IDO/KYN pathway: controls host--microbiota interactions in the gut; regulates detrimental immune response in inflammatory disorders of gastrointestinal system; and allows immune escape and uncontrolled growth of gastrointestinal tumors. Additionally, we present future perspectives regarding modulation of IDO activity in the gut as a possible new therapeutic approach for the treatment of inflammatory and malignant diseases of the gastrointestinal system.

The biochemical function and regulation of IDO activity {#section2-1756284818815334}
=======================================================

Since TRP is found at very low concentrations in the body, it plays a rate-limiting role in protein synthesis and intracellular signaling.^[@bibr1-1756284818815334]^ Accordingly, enzymes that regulate TRP metabolism and signaling have a crucial role in regulation of its effects.^[@bibr1-1756284818815334]^ Among them, IDO1 has the most important role in modulation of TRP-dependent effects in the gastrointestinal tract.^[@bibr6-1756284818815334]^

IDO1, a cytosolic and heme-containing enzyme, converts TRP to KYN by cleaving the 2,3-double bond of the indole ring while a molecular oxygen merges into the unsealed molecule.^[@bibr6-1756284818815334]^ The obtained product, *N*-formylkynurenine, becomes rapidly and spontaneously transformed into KYN. In the next steps, KYN is further converted to other active metabolites, such as 3-hydroxykynurenine (3-HK), anthranilic acid, kynurenic acid (KYNA), 3-hydroxyanthranilic acid (3-HAA), picolinic acid and quinolinic acid (QA), which is a precursor of nicotinamide adenine dinucleotide (NAD+; [Figure 1](#fig1-1756284818815334){ref-type="fig"}). Since two main end products of the KYN pathway \[NAD+ and adenosine triphosphate (ATP)\] are energy-carrying molecules that fuel cellular metabolism, the IDO1/KYN pathway has an important role in regulation of cell viability and proliferation.^[@bibr6-1756284818815334]^

![The kynurenine (KYN) pathway of tryptophan (TRP) metabolism.\
L-TRP is metabolized in three separate biochemical pathways enabling protein and serotonin synthesis. The KYN-dependent pathway begins when IDO1/IDO2/TDO catalyze L-TRP into N-formylkynurenine. N-formylkynurenine is then transformed into L-KYN and formic acid by kynurenine formamidase. L-KYN is converted to anthranilic acid by kynureninase or L-hydroxykynurenine by kynurenine hydroxylase. Hydroxylation of anthranilic acid results in generation of L-hydroxykynurenine. Kynureninase converts L-hydroxykynurenine to 3-hydroxyanthranilic acid that is further metabolized by hydroxyanthranilate dioxygenase to aminocarboxymuconic semialdehyde. Quinolinic acid and aminomuconic semialdehyde are generated from the semialdehyde. Aminomuconic semialdehyde is then converted to picolinic acid or glutaryl-coenzyme A (CoA) that is metabolized in the tricarbonic acid cycle and terminal oxidation.\
IDO1, indoleamine 2,3-dioxygenase; TDO, tryptophan-2,3-dioxygenase.](10.1177_1756284818815334-fig1){#fig1-1756284818815334}

In humans, IDO1 has an evolutionary paralog (indolamine-2,3-dioxygenase 2; IDO2) and a functional ortholog (tryptophan-2,3-dioxygenase; TDO). Both IDO2 and TDO catalyze the same biochemical reaction as IDO1 ([Figure 1](#fig1-1756284818815334){ref-type="fig"}), but these two enzymes have strict tissue specificity: TDO is expressed only in the liver, where it controls and regulates blood concentration of TRP, while IDO2 is expressed at low levels in the placenta and liver.^[@bibr6-1756284818815334][@bibr7-1756284818815334]--[@bibr8-1756284818815334]^ On the contrary, IDO1 is expressed in a broad number of peripheral tissues, including the gastrointestinal tract. Within the gastrointestinal system, IDO1 activity has been observed in epithelial cells, endothelial cells, fibroblasts, mesenchymal stem cells (MSCs), as well as immune cells, including professional antigen-presenting cells \[dendritic cells (DCs), macrophages, B lymphocytes\], natural killer (NK) cells, activated monocytes and granulocytes, while lymphoid cells rarely express IDO1.^[@bibr9-1756284818815334]^

In addition to TRP catabolic activity, IDO1 protein is an important signal-transducing molecule.^[@bibr10-1756284818815334]^ IDO1 has two immunoreceptor tyrosine-based inhibitory motifs (ITIMs) which, after phosphorylation, act as docking sites for different molecules, which either activate positive (transcriptional) or induce negative (post-translational) modulation of IDO1 protein.^[@bibr10-1756284818815334]^ Molecular patterns that prolong IDO1's half-life maintain IDO1-mediated immunosuppression while molecules that shorten IDO1's half-life, reduce IDO1-dependent immunoregulatory effects and promote inflammation.^[@bibr10-1756284818815334]^

The first discovery of IDO-dependent immunoregulatory effects was made in 1984 when Pfefferkorn found that recombinant interferon gamma (IFN-γ) successfully inhibited growth of *Toxoplasma gondii* in fibroblasts by inducing the host cells to degrade tryptophan.^[@bibr11-1756284818815334]^ Consequent accumulation of toxic KYN metabolites (3-HK, QA, 3-HAA) restricted the growth of this obligate intracellular parasite, suggesting the importance of IFN-γ for activation of the IDO1/KYN pathway.^[@bibr11-1756284818815334]^ Binding of IFN-γ to its receptor activate Janus kinases (Jak1 and 2) resulting in phosphorylation and dimerization of signal transducer and activator of transcription 1 (STAT1) that enters the nucleus to induce transcription of IFN-γ-stimulated genes. Mammalian IDO1 gene promoters possess IFN-γ-stimulated-response elements and IFN-γ-activated sites, enabling IFN-γ-mediated induction of IDO1 expression.^[@bibr12-1756284818815334],[@bibr13-1756284818815334]^ The transcriptional factor DAP12 regulates IFN-γ-induced IDO1 transcription, while suppressor of cytokine signaling (SOCS)-3 targets IDO1 protein for proteasomal degradation.^[@bibr13-1756284818815334][@bibr14-1756284818815334]--[@bibr15-1756284818815334]^ A broad number of *in vitro* and *in vivo* studies confirmed that IFN-γ is the most potent activator of IDO1 activity, although IFN types I \[IFN alpha/beta (IFN-α/β)\], tumor necrosis factor alpha (TNF-α), lipopolysaccharide (LPS), toll-like receptor 7 (TLR7) and TLR9 ligands or even anti-inflammatory cytokines \[interleukin (IL)-10 and transforming growth factor beta (TGF-β)\] may induce enhanced IDO1 expression.^[@bibr16-1756284818815334][@bibr17-1756284818815334][@bibr18-1756284818815334]--[@bibr19-1756284818815334]^

IDO1/KYN-dependent modulation of immune cells {#section3-1756284818815334}
=============================================

Initially, increased IDO1 activity and consequent accumulation of KYN metabolites were considered only an important mechanism for the regulation of cellular metabolism due to their effect on generation of NAD+ and ATP.^[@bibr20-1756284818815334]^ Nevertheless, results obtained in a large number of preclinical studies demonstrated that IDO1-dependent TRP starvation and accumulation of 3-HAA, KYNA, QA and 3-HK directly inhibit proliferation of activated T and B lymphocytes, contributing to attenuation of the adaptive immune response \[[Figure 2(a)](#fig2-1756284818815334){ref-type="fig"}\].^[@bibr21-1756284818815334][@bibr22-1756284818815334]--[@bibr23-1756284818815334]^ Interestingly, IFN-γ-producing Th1 cells were more susceptible to IDO1-induced apoptosis compared with IL-4-producing Th2 cells.^[@bibr24-1756284818815334]^ This, KYN-dependent selective apoptosis of Th1 cells involves a Fas-independent mechanism: activation of caspase-8 and the release of cytochrome c from mitochondria.^[@bibr24-1756284818815334]^ Since IFN-γ is the main activator of IDO1, IDO1/KYN-induced selective apoptosis of IFN-γ-producing Th1 cells could represent a compensatory mechanism responsible for the maintenance of Th1/Th2 balance and peripheral lymphocyte homeostasis.

![IDO1/KYN-dependent modulation of immune cells.\
(a) IDO1-dependent TRP starvation and accumulation of 3-HAA, KYNA, QA and 3-HK directly inhibits proliferation of activated T and B lymphocytes; (b) through the increased IDO1 activity, DCs promote generation and expansion of Tregs, enabling induction and maintenance of immune tolerance; (c) an increased IDO1 activity in TGF-β-stimulated murine pDCs results in formation of an intracellular scaffold that binds SHP-1 and SHP-2 enabling conversion of CD4+T cells into immunosuppressive Tregs; (d) IDO1 prevents conversion of FoxP3+Tregs in the inflammatory process and Th17 cells in the lymph nodes; (e) Tregs suppress IFN-γ-producing Th1 and IL-17-producing Th17 cells, and attenuate inflammation; and (f) through the activation of AhR, IDO1-derived KYN activates Akt and MAPK p38 signaling pathways in mast cells resulting in massive degranulation and release of leukotrienes and prostaglandins.\
IDO1, indoleamine 2,3-dioxygenase; KYN, kynurenine; TRP, tryptophan; 3-HAA, 3-hydroxyanthranilic acid; KYNA, kynurenic acid; GCN2, general control nonderepressible 2; QA, quinolinic acid; PA, ; 3-HK, 3-hydroxykynurenine; DCs, dendritic cells; Tregs, T-regulatory cells; TGF-β, transforming growth factor beta; pDC, plasmacytoid DC; SHP, Src-homology-region-2-domain-containing phosphatase; CD4+, cluster of differentiation 4+; FoxP3, forkhead box P3; Th17, T-helper cell 17; IFN-γ, interferon gamma; IL, interleukin; AhR, aryl hydrocarbon receptor; Akt, protein kinase B; MAPK, mitogen-activated protein kinase; PKD-1, ; PLCγ1, ; CTLs, cytotoxic T cells.](10.1177_1756284818815334-fig2){#fig2-1756284818815334}

IDO1 is crucially important for the crosstalk between DCs and immunosuppressive T-regulatory cells (Tregs).^[@bibr25-1756284818815334],[@bibr26-1756284818815334]^ Through the increased IDO1 activity, DCs promote generation and expansion of Tregs, enabling induction and maintainance of immune tolerance \[[Figure 2(b)](#fig2-1756284818815334){ref-type="fig"}\].^[@bibr24-1756284818815334],[@bibr26-1756284818815334]^ During the interaction with naïve T cells, DCs, in an IDO1-dependent manner, generate KYN, which promotes expression of Treg lineage-defining transcription factor (forkhead box P3, FoxP3) in cluster of differentiation 4+ (CD4+)T cells, enabling generation of immunosuppressive CD4+FoxP3+Tregs.^[@bibr13-1756284818815334]^

During initial TCR-mediated activation of resting Tregs, signals *via* the protein kinase B (PKB/Akt) and mammalian target of rapamycin (mTOR) pathways can potentially destabilize the immunoregulatory phenotype of Tregs and cause their reprogramming into a pro-inflammatory helper-like phenotype ('ex-Tregs'), characterized by enhanced production of inflammatory cytokines. A low level of TRP in the local microenvironment activates stress-response pathways, including activation of general control nonderepressible 2 (GCN2) kinase and suppression of Akt/mTOR2 signaling.^[@bibr27-1756284818815334],[@bibr28-1756284818815334]^ Accordingly, in order to prevent transdifferention of Tregs in inflammatory CD4+T cells in the inflammed gut, intestinal regulatory DCs produce IDO1 that induces low TRP levels, enabling activation of GCN2 kinase and consequent inhibition of Akt/mTORC2 signaling in Tregs.^[@bibr13-1756284818815334]^ In a similar manner, an increased IDO1 activity and activation of GCN2 kinase is responsible for the downregulation of the TCR zeta-chain in activated CD8+ cytotoxic T cells (CTLs) resulting in inappropriate antigen recognition and reduced cytotoxicity of CTLs.^[@bibr23-1756284818815334]^

In addition to direct immunosuppressive effects on activated T cells, IDO1 was involved in intracellular signaling events responsible for the self-amplification and maintenance of a stably regulatory phenotype in plasmacytoid DCs (pDCs). These pDCs are an important cellular source of IFN type I that are able to induce enhanced expression of IDO1 and promote expansion of Tregs.^[@bibr29-1756284818815334]^ This process is, at least partially, regulated through the activation of the AhR.^[@bibr10-1756284818815334],[@bibr30-1756284818815334]^ IDO1-mediated degradation of TRP yields a series of KYN catabolites that act as ligands for AhR.^[@bibr10-1756284818815334],[@bibr30-1756284818815334]^ Binding of KYN catabolites to AhR induces conformational changes of AhR that promotes its nuclear translocation.^[@bibr10-1756284818815334]^ In the nucleus, AhR induces enhanced transcription of target genes, including FoxP3.^[@bibr31-1756284818815334]^ Accordingly, IDO1/KYN-dependent activation of AhR results in increased generation of FoxP3+Tregs, contributing to creation of the immunosuppressive microenvironment.^[@bibr10-1756284818815334],[@bibr30-1756284818815334][@bibr31-1756284818815334]--[@bibr32-1756284818815334]^ Additionally, an increased IDO1 activity in TGF-β-stimulated murine pDCs resulted in formation of an intracellular scaffold that binds Src-homology-region-2-domain-containing phosphatase (SHP)-1 and SHP-2, enabling conversion of CD4+T cells into immunosuppressive Tregs \[[Figure 2(c)](#fig2-1756284818815334){ref-type="fig"}\].^[@bibr33-1756284818815334]^ In the lymph nodes, IDO1 prevents conversion of FoxP3+Tregs in the inflammatory process, IL-17-producing Th17 cells \[[Figure 2(d)](#fig2-1756284818815334){ref-type="fig"}\], resulting in the increased accumulation of immunosuppressive Tregs in peripheral tissues.^[@bibr30-1756284818815334]^ In the inflammed tissues, Tregs, through the production of immunosuppressive IL-10 and TGF-β, suppress IFN-γ-producing Th1 and IL-17-producing Th17 cells and resolve ongoing inflammation \[[(Figure 2(e)](#fig2-1756284818815334){ref-type="fig"}\].^[@bibr25-1756284818815334]^

In addition to the modulation of adaptive immunity, IDO1/KYN pathways regulate function of innate immune cells. IDO1 promoted conversion of inflammatory M1 macrophages into alternatively activated IL-10 and TGF-β-producing M2 macrophages resulting in creation of the immunosuppressive microenvironment.^[@bibr34-1756284818815334]^ Through the activation of AhR, IDO1-derived KYN activates Akt and mitogen-activated protein kinase (MAPK) p38 signaling pathways in mast cells, resulting in massive degranulation and release of leukotrienes and prostaglandins (PG) \[[Figure 2(f)](#fig2-1756284818815334){ref-type="fig"}\].^[@bibr35-1756284818815334]^ Among them, PGE2 was particularly important for IDO1-based suppression of cytotoxic NK cells.^[@bibr36-1756284818815334]^

IDO1-dependent modulation of inflammatory diseases of the gastrointestinal tract {#section4-1756284818815334}
================================================================================

Since the IDO1/KYN pathway regulates immune response, its role in the pathogenesis of inflammatory diseases of the gastrointestinal tract has been explored in a large number of experimental and clinical studies.

Several research groups demonstrated IDO-mediated attenuation of inflammation in the oral cavity.^[@bibr37-1756284818815334][@bibr39-1756284818815334][@bibr40-1756284818815334][@bibr41-1756284818815334]--[@bibr42-1756284818815334]^ Increased IDO1 expression was detected in gingival fibroblasts, gingiva-derived MSCs (G-MSCs), dental-pulp-derived MSCs (DP-MSCs), periodontal-ligament stem cells (PDL-SCs) and DCs that infiltrated inflammatory lesions in the oral cavity. IDO1 is constitutively expressed in human gingiva, and its expression was upregulated in chronic periodontitis.^[@bibr43-1756284818815334]^ As first indicated by Nisapakultorn and coworkers^[@bibr43-1756284818815334]^ and later confirmed by several other groups,^[@bibr37-1756284818815334][@bibr38-1756284818815334][@bibr39-1756284818815334]--[@bibr40-1756284818815334]^ bacterial products and inflammatory cytokines were mainly responsible for an increased IDO1 expression in periodontitis lesions. LPS and IFN-γ-activated gingival fibroblasts, G-MSCs, DP-MSCs, PDL-SCs and DCs produce IDO1 that, in a KYN-dependent manner, suppressed expansion of inflammatory CD4+T-bet+IFN-γ-producing Th1 and CD4+ RORyT+IL-17-producing Th17 cells by promoting their conversion to Tregs, creating an immunosuppressive microenvironment in the oral cavity that resulted in attenuation of ongoing inflammation.^[@bibr37-1756284818815334][@bibr38-1756284818815334][@bibr39-1756284818815334]--[@bibr40-1756284818815334]^ Similarly, in an IDO1-dependent manner, MSCs obtained from periapical lesions (PL-MSCs) were able to induce a generation of tolerogenic phenotype in DCs which, due to the poor allostimulatory activity, induced anergy of effector Th1 cells and promoted generation of Tregs.^[@bibr41-1756284818815334]^ In line with these findings are results obtained by Lewkowicz and colleagues, who investigated molecular mechanisms responsible for Treg-based attenuation of recurrent aphthous stomatitis (RAS) and concluded that IDO was crucially important for the maintenance of immune tolerance in this chronic T-cell-driven inflammatory disease.^[@bibr42-1756284818815334]^ Decreased constitutive expression of IDO in oral mucosa of RAS patients resulted in impaired generation and function of Tregs. The total number of immunosuppressive Tregs in peripheral blood of RAS patients was significantly lower compared with healthy subjects. Additionally, Tregs from RAS patients were not able to optimally suppress production of inflammatory, pro-Th1 cytokines (IFN-γ, TNF-α, IL-2) in effector T cells. Thus, reduced IDO activity resulted in the loss of Treg-dependent immune tolerance, enabling T cell-mediated damage of the epithelium and the development of oral ulcers in RAS patients.^[@bibr42-1756284818815334]^

Results recently obtained by Larussa and colleagues,^[@bibr44-1756284818815334]^ suggest an important role of the IDO1/KYN signaling pathway in the pathogenesis of *Helicobacter pylori* infection and *H. pylori*-associated gastritis. The analysis of gastric biopsy samples obtained from 42 patients who underwent upper gastrointestinal endoscopy revealed significantly enhanced IDO1 expression in *H. pylori*-infected patients compared with uninfected subjects. It is well known that activation of IFN-γ-producing Th1 and IL-17-producing Th17 cells contribute to the efficient eradication of *H. pylori* infection.^[@bibr45-1756284818815334],[@bibr46-1756284818815334]^ Accordingly, *H. pylori* enhances its own survival in human gastric mucosa by downregulating expression of T-bet, resulting in attenuated Th1 immune response.^[@bibr44-1756284818815334],[@bibr45-1756284818815334]^ Since IDO1 inhibition notably increases the expression of T-bet, IFN-γ and IL-17 messenger ribonucleic acid (mRNA) in gastric samples of *H. pylori*-infected patients, Larussa and colleagues concluded that immunological escape implemented by *H. pylori* involves the increased IDO1 activity that downregulates Th1/Th17 immune response and induces immune tolerance, enabling long-term colonization of *H. pylori* in gastric mucosa and consecutive development of *H. pylori*-associated gastritis.^[@bibr44-1756284818815334]^

IDO1-dependent modulation of inflammatory bowel diseases {#section5-1756284818815334}
--------------------------------------------------------

IDO1 is expressed in the normal colon and is upregulated in the setting of colitis.^[@bibr47-1756284818815334]^ An increased IDO1 expression has been observed in inflamed colons of experimental animals and in patients suffering from inflammatory bowel diseases (IBDs).^[@bibr25-1756284818815334],[@bibr47-1756284818815334][@bibr48-1756284818815334]--[@bibr49-1756284818815334]^ Pharmacological inhibition or genetic deletion of IDO1 resulted in increased mortality of 2,4,6-trinitrobenzene sulfonic acid (TNBS)- or dextran sodium sulfate (DSS)-treated experimental animals.^[@bibr25-1756284818815334],[@bibr47-1756284818815334],[@bibr48-1756284818815334]^ Conversely, increased IDO1 activity and elevated serum levels of KYN were accompanied with increased presence of immunosuppressive Tregs in the injured gut, resulting in the attenuation of colon inflammation.^[@bibr50-1756284818815334]^ Enhanced IDO1 activity was noticed in colon-infiltrating immune cells and in colon epithelial cells of IBD patients and significantly decreased after treatment with steroids and salicylates.^[@bibr51-1756284818815334]^ Wolf and colleagues were first to show increased production of IDO1 in CD123(+) mononuclear cells infiltrating the submucosal areas of the inflamed lesions.^[@bibr52-1756284818815334]^ Furuzawa-Carballeda and coworkers further analyzed IDO1 expression in colonic biopsies of IBD patients and confirmed that the main producer of IDO1 in inflamed gut was CD123+pDCs that counterbalance the tissue-damaging effects of activated T cells.^[@bibr9-1756284818815334]^ Increased IDO1 activity was also observed in regulatory CD8α-positive pDCs. Additionally, several other subpopulations of CD16+/CD56+/CD80+IDO1-producing regulatory DCs were noticed in the colons of IBD patients,^[@bibr9-1756284818815334]^ while CD103+DCs were considered as the main cellular source of IDO in mice.^[@bibr25-1756284818815334]^ Human CD123+/IDO+ pDCs constitute only 0.2--0.8% of peripheral blood cells and are recruited from the peripheral blood in the inflamed gut in order to induce tolerance.^[@bibr9-1756284818815334]^ IDO1-producing DCs possess an exclusive TLR repertoire, characterized by high expression of TLR7 and TLR9. TLR7 agonist simultaneously activates IDO1/KYN signaling pathway in colon-infiltrating DCs,^[@bibr53-1756284818815334]^ while induction of IDO1 by a TLR-9 agonist, immunostimulatory DNA, led to the attenuation of experimental colitis in mice.^[@bibr54-1756284818815334]^ Importantly, IFN-γ/STAT-1 signaling was crucially important for enhanced IDO1 activity in DCs since IDO1 could not be induced in colon-infiltrating DCs of STAT-1 deficient mice.^[@bibr54-1756284818815334]^ Enhanced Th1 immune response and elevated concentration of IFN-γ in the gut promoted IDO1 expression in CD103+DCs, while enhanced Th2 immune response and high concentration of IL-4 inhibited IDO1 activity in gut DCs.^[@bibr55-1756284818815334]^ Human CD123+/IDO+ pDCs and murine CD103+DCs produce large amounts of IDO1 which promote conversion of effector Th1 and Th17 cells in Tregs, enabling creation of the immunosuppressive microenvironment in the gut.^[@bibr25-1756284818815334],[@bibr56-1756284818815334]^ Tregs, in a CTLA-4 and IL-10-dependent manner, suppress activation of gut-infiltrated Th1 and Th17 cells, contributing to the attenuation of colitis.^[@bibr57-1756284818815334]^ We^[@bibr50-1756284818815334]^ and others^[@bibr49-1756284818815334],[@bibr58-1756284818815334]^ noticed significantly higher serum and fecal levels of KYN and higher presence of IDO-producing DCs and Tregs in the *lamina propria* of IBD patients compared with healthy subjects that might represent a compensatory mechanism for functional induction of tolerance in active IBD, due to the increase in absolute number of colon-infiltrating, IFN-γ-producing Th1 and IL-17-producing Th17 inflammatory cells.

In inflamed mucosa of IBD patients, increased IDO1 activity was observed in colon epithelial cells, particularly at borders of crypt abscesses or at sites where epithelial cells flanked ulcers, suggesting involvement of the IDO1/KYN pathway in the repair process of mucosal healing.^[@bibr59-1756284818815334]^ In line with these observations are our recently published results^[@bibr50-1756284818815334]^ that indicate the importance of IDO1-dependent expansion of endogenous Tregs as a possible new therapeutic approach for the induction of mucosal healing. We demonstrated that colon-infiltrating DCs, through the production of KYN, induced expansion of Tregs that promote mucosal healing in the injured colons.^[@bibr50-1756284818815334]^ Both IDO1-producing DCs and immunosuppressive Tregs were crucially important for the maintenance of mucosal healing and recovery from DSS-induced colitis, since depletion of each cell population led to the significant aggravation of disease.^[@bibr50-1756284818815334]^ Keeping in mind that clinical application of Tregs in IBD patients is not easy to perform given their rarity in peripheral blood,^[@bibr60-1756284818815334]^ we propose that IDO1-dependent expansion of endogenous Tregs should be further explored as a potentially new approach for the induction and maintenance of mucosal healing in IBD patients.

In addition to the potential therapeutic application, measurement of IDO1 activity can be used for the monitoring of mucosal healing in IBD patients. Currently, measurement of fecal calprotectin is the most commonly used stool-based test for assessing progression of ulcerative colitis (UC),^[@bibr61-1756284818815334]^ and reduction in concentration of fecal calprotectin represents the most reliable predictor of mucosal healing in UC patients.^[@bibr62-1756284818815334]^ Nevertheless, the fecal calprotectin test lacks a validated cutoff, optimal specificity and accuracy, indicating the need for other stool-based biomarkers to complement fecal calprotectin in monitoring mucosal healing.^[@bibr61-1756284818815334]^ Our recently obtained results^[@bibr50-1756284818815334]^ demonstrated increased serum and fecal levels of KYN in UC patients with mucosal healing compared with UC patients who had chronic, persistent disease. Both serum and fecal levels of KYN negatively correlated with disease severity and concentration of fecal calprotectin, indicating that measurement of KYN in serum and fecal samples of UC patients could be considered as a useful diagnostic tool that can complement fecal calprotectin in monitoring or predicting mucosal healing.^[@bibr50-1756284818815334]^

In addition to its effect on DCs and Tregs' crosstalk, IDO1 exerts antimicrobial effects in colon epithelium, as well. Since increased IDO1 expression was mainly observed in the vicinity of interruptions of the epithelial barrier where bacterial invasion is more pronounced, IDO1-mediated depletion of TRP might be an important mechanism for the elimination of TRP-dependent microorganisms.^[@bibr59-1756284818815334]^ Additionally, IDO1 regulates immune response to the gut commensal microbiota^[@bibr63-1756284818815334]^ and plays an important role in the interaction between probiotics and the intestinal immune system.^[@bibr64-1756284818815334]^ Zhao and colleagues recently demonstrated that Bifidobacteria induced enhanced IDO1 expression in colon-infiltrating DCs resulting in expansion of Tregs and attenuation of TNBS-induced colitis.^[@bibr64-1756284818815334]^

It is well known that MSCs are, due to their immunomodulatory characteristics, considered as new therapeutic agents in the cell-based therapy of IBD.^[@bibr65-1756284818815334],[@bibr66-1756284818815334]^ Several recently published studies emphasized the crucial importance of MSC-derived IDO1 for the expansion of colon-infiltrating Tregs and the attenuation of colon inflammation,^[@bibr38-1756284818815334],[@bibr67-1756284818815334]^ further indicating therapeutic potential of IDO1 in the therapy of IBD.

The role of IDO1 in the development and progression of gastrointestinal tumors {#section6-1756284818815334}
==============================================================================

Since increased IDO1 activity in tumor-infiltrating immune cells reduces availability of essential amino acid TRP for tumor cells, IDO1 has been originally considered an enzyme with strong anticancer potential.^[@bibr6-1756284818815334]^ Nevertheless, with the discovery of IDO1-based immunosuppression, the procancer activity of this enzyme has been documented in a large number of preclinical and clinical studies and nowadays, IDO1 is considered one of the main therapeutic targets in cancer diagnostics and therapy.^[@bibr6-1756284818815334],[@bibr68-1756284818815334]^

IDO1 is overexpressed in primary and metastatic gastrointestinal tumors that use IDO1-dependent immunosuppression to attenuate antitumor immunity and to promote tumor growth and progression.^[@bibr69-1756284818815334]^ Paradoxically, the activity of the antitumor immune response in the gut, which is elicited to eleminate malignant cells and to prevent tumor growth and progression, promotes the formation of the highly aggressive IDO1-expressing gastrointestinal tumors.^[@bibr70-1756284818815334]^ The immunosuppressive properties of the developing tumor are established during the process of 'immunoediting' that involves changes in the genetic background of malignant cells during the three consecutive phases called the 'elimination,' 'equilibrium,' and 'escape' stages ([Figure 3](#fig3-1756284818815334){ref-type="fig"}).^[@bibr6-1756284818815334]^ During the first phase of tumor surveillance ('elimination stage'), when most malignant cells are efficiently recognized and destroyed by the cytotoxic effects of NK and CD8+T cells, IDO1 is produced at very low levels within the tumor microenvironment and inhibits tumor proliferation by reducing TRP concentration. During the 'equilibrium stage,' surviving tumor cells become 'edited' by the continuous attack of the immune cells, accumulate mutations and enhance their capacity to evade immune response, mainly by increasing expression and activity of immunosuppressive enzymes, including IDO1.^[@bibr71-1756284818815334]^ Finally, during the last 'escape stage' of 'immunoediting', malignant cells increase IDO1 activity, leading to the elevated KYN production, enabling efficient suppression of effector CD4+Th1 and Th17 lymphocytes, CTLs and NK cells. Additionally, the IDO1/KYN pathway induces expansion of Tregs and myeloid-derived suppressor cells, creating an immunosuppressive tumor microenvironment that supports tumor growth and progression.^[@bibr6-1756284818815334],[@bibr71-1756284818815334]^ Accordingly, IDO1 positivity is strongly associated with multidrug resistance of gastrointestinal tumors and inversely correlates with patient survival.^[@bibr72-1756284818815334][@bibr73-1756284818815334][@bibr74-1756284818815334][@bibr75-1756284818815334][@bibr76-1756284818815334][@bibr77-1756284818815334][@bibr78-1756284818815334][@bibr79-1756284818815334][@bibr80-1756284818815334]--[@bibr81-1756284818815334]^

![The role of IDO1 in the 'immunoediting' of tumor cells.\
During the first phase of tumor surveillance ('elimination stage'), when most malignant cells are efficiently recognized and destroyed by the cytotoxic effects of NK and CD8+T cells, IDO1 is produced at very low levels within the tumor microenvironment and inhibits tumor proliferation by reducing TRP concentration. During the 'equilibrium stage', surviving tumor cells become 'edited' by the continuous attack of the immune cells, accumulate mutations, and enhance their capacity to evade immune response, mainly by increasing expression of IDO1. Finally, during the last 'escape stage' of 'immunoediting', malignant cells increase IDO1 activity, leading to the elevated KYN production, enabling efficient suppression of effector CD4+Th1 and Th17 lymphocytes, CTLs and NK cells.\
NK, natural killer cells; CD, cluster of differentiation; IDO1, indoleamine 2,3-dioxygenase; TRP, tryptophan; KYN, kynurenine; CTLs, cytotoxic T cells; Th, T-helper cells.](10.1177_1756284818815334-fig3){#fig3-1756284818815334}

An increased IDO1 expression was detected in malignant tumors of the oral cavity.^[@bibr72-1756284818815334][@bibr73-1756284818815334]--[@bibr74-1756284818815334]^ IDO1 expression positively correlated with progression of oral squamous cell carcinoma (OSCC) and negatively correlated with overall survival rate of patients who suffered from OSCC.^[@bibr72-1756284818815334]^ Seppälä and coworkers showed that IDO1 promotes growth of tongue squamous cell carcinoma (TSCC) cells by enabling their escape from the immune surveillance.^[@bibr73-1756284818815334]^ Similar conclusions were made by Kuales and colleagues who showed that DCs, located in the border between the squamous cell carcinoma of the lower lip (SCC-LL) and the inflammatory infiltrate, through the production of IDO1, create immunosuppressive microenvironment enabling immune escape and uncontrolled growth of malignant cells.^[@bibr74-1756284818815334]^ An increased IDO1 activity correlated with poor survival of patients with malignant diseases of the oral cavity^[@bibr73-1756284818815334]^ suggesting IDO1 as potential therapeutic target for enhancement of antitumor immune response in the oral cavity.

An incresed IDO1 expression was observed in esophageal tumors, as well.^[@bibr75-1756284818815334]--[@bibr77-1756284818815334]^ Sakurai and colleagues^[@bibr75-1756284818815334]^ have reported increased expression of IDO1 at the mRNA level in the peripheral blood and in tumor samples of patients suffering from esophageal squamous cell carcinoma (ESCC). In line with these findings, Jia and associates found a negative correlation between IDO1 expression and clinical outcome of ESCC patients.^[@bibr76-1756284818815334]^ Most recently, by analyzing tumor samples obtained from 50 ESCC patients, Cui and coworkers noticed enhanced IDO1 activity in tumor-associated fibroblasts and endothelial cells,^[@bibr77-1756284818815334]^ supporting the hypothesis that in addition to tumor cells, stromal and endothelial cells are also able, in an IDO1-dependant manner, to create an immunosuppressive environment in esophageal tumors, contributing to the poor prognosis of IDO1-positive ESCC patients.

IDO1 plays an importnat role in suppression of CTLs in gastric cancer and, accordingly, it was recently proposed as a new, negative prognostic biomarker for overall survival of gastric cancer patients.^[@bibr78-1756284818815334][@bibr79-1756284818815334][@bibr80-1756284818815334][@bibr81-1756284818815334]--[@bibr82-1756284818815334]^ Cytotoxicity and capacity for proliferation of CTLs, obtained from gastric cancer patients, were significantly attenuated when these cells were cocultured with IDO1 overexpressing human gastric cancer BGC-823 cells.^[@bibr78-1756284818815334]^ An addition of 1-methyl-tryptophan, a competitive inhibitor of IDO1, to the CTLs (BGC-823 culture) completely restored antitumor properties of CTLs, confirming the importance of IDO1 for suppression of CTLs.^[@bibr78-1756284818815334]^ Additionally, several lines of evidence indicate that gastric-cell-derived IDO1 reduces the capacity of DCs to promote generation of memory CD4+ and CD8+T cells. Significantly lower number of activated DCs, CD4+ and CD8+ memory T cells were noticed in tumor tissues obtained from gastric cancer patients with increased IDO1 activity.^[@bibr79-1756284818815334],[@bibr80-1756284818815334]^ This phenomenon was associated with deeper tumor invasion, massive lymph-node metastasis and poor clinical prognosis.^[@bibr79-1756284818815334],[@bibr80-1756284818815334]^ In order to analyze the prognostic value of IDO1 expression in gastric cancer, Nishi and colleagues analyzed IDO1 expression in 60 patients who underwent curative gastrectomy for stage III gastric cancer and confirmed that overall survival rate was significantly lower in the IDO1 positive group of patients. This finding correlated with massive infiltration of immunosuppressive Tregs within the tumors, confirming that enhanced IDO1 expression resulted with the creation of an immunosuppressive microenvironment, leading to poor prognosis.^[@bibr82-1756284818815334]^ In line with these findings are results obtained by Liu and coworkers who examined correlation between overall survival rate and intratumoral IDO1 expression in 357 patients with gastric adenocarcinoma who underwent gastrectomy.^[@bibr81-1756284818815334]^ An increased expression of IDO1 was associated with poor postoperative clinical outcome, confirming that IDO1 could be considered as a new, valuable, negative prognostic biomarker for estimation of overall survival of patients with gastric cancer who underwent gastrectomy.^[@bibr81-1756284818815334]^

Several lines of evidence demonstrated the crucial importance of IDO1/KYN signaling for the development of colon cancer.^[@bibr83-1756284818815334][@bibr84-1756284818815334][@bibr85-1756284818815334][@bibr86-1756284818815334][@bibr87-1756284818815334][@bibr88-1756284818815334]--[@bibr89-1756284818815334]^ IDO1 regulates viability and proliferation of colon cancer cells, promotes progression of preneoplastic cells in neoplastic lesions and plays an important immunomodulatory role in antitumor immunity in the colon.^[@bibr83-1756284818815334][@bibr84-1756284818815334]--[@bibr85-1756284818815334]^ Inhibition of IDO1 activity in colon cancer cells decreased the transcription of CDC20, resulting in G2/M cycle arrest^[@bibr83-1756284818815334]^ and reduced nuclear, activated β-catenin and transcription of its target genes (cyclin D1 and Axin2).^[@bibr84-1756284818815334]^ Importantly, mitosis of IDO1-suppressed colon cancer cells was completely restored by KYN, suggesting IDO1-derived KYN as a crucially important mediator for the proliferation of colon cancer cells.^[@bibr83-1756284818815334],[@bibr84-1756284818815334]^ In addition to mitotic cell death, long-term exposure to IDO1 inhibitor induced mitochondrial injury and caspase-dependent apoptosis of colon cancer cells, confirming the significance of IDO1 for viability of colon cancer cells.^[@bibr83-1756284818815334]^ These data were confirmed *in vivo*, as well.^[@bibr83-1756284818815334][@bibr84-1756284818815334]--[@bibr85-1756284818815334]^ Upregulation of IDO1 activity was observed in the azoxymethane (AOM)-induced colonic preneoplastic lesions, while use of IDO1 inhibitor significantly decreased the total number of aberrant crypt foci and β-catenin-accumulated crypts that overexpressed IDO1.^[@bibr85-1756284818815334]^ By using IDO1-deficient mice and an animal model of AOM/DSS-induced colon cancer, Liu and colleagues^[@bibr83-1756284818815334]^ and Thaker and coworkers^[@bibr84-1756284818815334]^ confirmed the crucial importance of IDO1 in colon carcinogenesis. IDO1-deficient mice harbored fewer tumors that had a higher number of tumor-infiltrating CTLs and a lower number of immunosuppressive Tregs in comparison with wild-type tumor-bearing animals. Interestingly, IDO1 inhibitor managed to prevent the development of colon cancer in Rag1-deficient mice (who lacked T cells), indicating that IDO1 inhibition could suppress cancer development by inducing cell-cycle arrest of colon cancer cells, independent of affecting T-cell-based antitumor immunity.^[@bibr83-1756284818815334]^ In addition to these findings, Takamatsu and colleagues investigated the effects of genetic deletion of IDO1 on adaptive immune response to colon cancer and noticed that IDO1 deficiency significantly altered cellular make up and cytokine network in the colon tumor microenvironment in a similar manner as in all other gastrointestinal tumors.^[@bibr86-1756284818815334]^ A remarkable decrease in the total number of tumor-infiltrating Tregs and significantly increased mRNA expression of pro-inflammatory cytokines (IFN-γ and TNF-α) was observed in the colon tumor microenvironment of IDO1-deficient tumor-bearing mice,^[@bibr86-1756284818815334]^ leading to the conclusion that IDO1 activation in colon cancer has two complementary functions: acceleration of colon cancer cell proliferation and induction of Treg-mediated immune tolerance. In line with these conclusions are findings recently reported by Ito and colleagues, who demonstrated that inhibition of IDO1 activity could enhance the therapeutic efficacy of TLR7 agonist, which has already been approved for clinical use. Intratumoral injection of TLR7 agonist and simultaneous inhibition of IDO1 activity significantly increased presence of tumor-infiltrating activated DCs, CTLs and enhanced mRNA expression of pro-Th1 cytokines (IL-12, IFN-γ, IL-2) in colon cancers, leading to the suppression of established colon cancer growth *in vivo*.^[@bibr53-1756284818815334]^ Crucial importance of DC-derived IDO1 for attenuation of antitumor immune response against colon cancer cells was also confirmed in a study conducted by Yen and colleagues, who silenced IDO1 expression in the skin DCs of tumor-bearing mice and elicited an effective CD4+ and CD8+ T-cell-based antitumor immunity, resulting in inhibited colon cancer growth and prolonged survival of experimental animals.^[@bibr87-1756284818815334]^ Additionally, Brandacher and coworkers showed significant correlation between increased IDO1 expression in colon cancer cells and poor prognosis of patients suffering from this disease.^[@bibr88-1756284818815334]^ In order to evaluate whether monitoring of IDO1 activity in colon cancer patients could be used in diagnosis and therapy, Cavia-Saiz and coworkers measured the plasma concentration of L-KYN in 78 colon cancer patients (stage I--IV) and compared it with that in a control group of 70 healthy subjects.^[@bibr89-1756284818815334]^ Overall survival analysis after 45 months of follow up revealed an increased survival rate of colon cancer patients who had low plasma levels of L-KYN,^[@bibr89-1756284818815334]^ suggesting that elevated concentration of L-KYN in plasma could be used as a biomarker to differentiate individuals with colorectal cancer from healthy individuals.

Anticancer therapy with IDO1 inhibitors: opportunity or additional risk for patients with gastrointestinal tumors? {#section7-1756284818815334}
------------------------------------------------------------------------------------------------------------------

Several pharmacological IDO1 inhibitors (epacadostat, indoximod, navoximod) are currently being explored as anticancer agents in the therapy of solid tumors with the aim of reducing IDO1-dependent immunosuppression in the tumor microenvironment and enabling improved tumor surveillance and enhanced antitumor immune response ([Table 1](#table1-1756284818815334){ref-type="table"}).^[@bibr90-1756284818815334][@bibr91-1756284818815334][@bibr92-1756284818815334][@bibr93-1756284818815334]--[@bibr94-1756284818815334]^ Antineoplastic effects of IDO1 inhibitors were based on inhibition of IDO1 transcription and translation and on suppression of TRP transport across the cell membrane.^[@bibr90-1756284818815334][@bibr91-1756284818815334][@bibr92-1756284818815334]--[@bibr93-1756284818815334]^ As expected, IDO1 inhibitors significantly decreased the serum level of KYN, followed by alterations of immune response.^[@bibr91-1756284818815334]^ Accordingly, preliminary results obtained in several clinical trials indicated severe side effects of indoximod treatment, such as immunosuppression, accompanied by an increased risk for recurrent infections, gastrointestinal hemorrhage, decreased appetite, nausea, vomiting, cough, anemia, fatigue and hyperglycemia.^[@bibr91-1756284818815334][@bibr92-1756284818815334]--[@bibr93-1756284818815334]^ Similar adverse effects were noticed in patients receiving navoximod or epacadostat.^[@bibr94-1756284818815334],[@bibr95-1756284818815334]^ Importantly, the only observed beneficial effect of single-agent IDO1 inhibition was prolonged stable disease.^[@bibr94-1756284818815334],[@bibr95-1756284818815334]^ Accordingly, many clinical trials have been initiated with the aim of exploring whether combined therapy of IDO1 inhibitors and chemotherapeutic agents, checkpoint inhibitors or immunostimulatory drugs will manage to reduce growth and progression of solid tumors ([Table 1](#table1-1756284818815334){ref-type="table"}).

###### 

Pharmacological IDO1 inhibitors currently explored as anticancer agents in the therapy of solid tumors.

![](10.1177_1756284818815334-table1)

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Type of tumor                                          Therapy                                                                                               [ClinicalTrials.gov](http://ClinicalTrials.gov)\   Beneficial effects                                     Side effects
                                                                                                                                                               identifier/status of the study                                                                            
  ------------------------------------------------------ ----------------------------------------------------------------------------------------------------- -------------------------------------------------- ------------------------------------------------------ -------------------------------------------------------------------------------------------------------
  Recurrent or advanced solid tumors                     IDO1 inhibitor navoximod (GDC-0919, NLG-919)                                                          NCT\                                               Prolonged stable disease^[@bibr93-1756284818815334]^   Gastrointestinal hemorrhage;\
                                                                                                                                                               02048709/\                                                                                                decreased appetite; nausea; vomiting; cough; pruritus; fatigue
                                                                                                                                                               completed                                                                                                 

  Treatment-refractory advanced solid tumors             Epacadostat                                                                                           NCT\                                               Prolonged stable disease^[@bibr94-1756284818815334]^   Nausea, fatigue; decreased appetite; vomiting; constipation, abdominal pain; diarrhea, dyspnea; cough
                                                                                                                                                               01195311/\                                                                                                
                                                                                                                                                               completed                                                                                                 

  Metastatic or locally advanced sarcoma                 Combination of epacadostat, and anti-PD1 monoclonal antibody (pembrolizumab)                          NCT\                                               Not applicable                                         Not applicable
                                                                                                                                                               03414229/\                                                                                                
                                                                                                                                                               recruiting                                                                                                

  Pediatric brain tumors;\                               Combination of indoximod and temozolomide                                                             NCT\                                               Not applicable                                         Not applicable
  glioblastoma multiforme;\                                                                                                                                    02502708/\                                                                                                
  glioma; gliosarcoma; ependymoma;\                                                                                                                            recruiting                                                                                                
  medulloblastoma                                                                                                                                                                                                                                                        

  Solid tumors;\                                         Combination of epacadostat and pembrolizumab with standard chemotherapy                               NCT\                                               Not applicable                                         Not applicable
  lung cancer; urothelial cancer; head and neck cancer                                                                                                         03085914/\                                                                                                
                                                                                                                                                               recruiting                                                                                                

  Advanced or metastatic solid tumors                    Combination of epacadostat and nivolumab with ipilimumab, or lirilumab                                NCT\                                               Not applicable                                         Not applicable
                                                                                                                                                               03347123/\                                                                                                
                                                                                                                                                               recruiting                                                                                                

  Solid tumors;\                                         Anti-IDO1 agent (LY3381916) alone or in combination with anti-PD-L1 checkpoint antibody (LY3300054)   NCT\                                               Not applicable                                         Not applicable
  non-small cell lung cancer;\                                                                                                                                 03343613/\                                                                                                
  squamous cell carcinoma of the head and neck;\                                                                                                               recruiting                                                                                                
  urothelial carcinoma;\                                                                                                                                                                                                                                                 
  brain metastasis                                                                                                                                                                                                                                                       

  Unresectable stage III or stage IV melanoma            Combination of indoximod with immune checkpoint inhibitors                                            NCT\                                               Not applicable                                         Not applicable
                                                                                                                                                               02073123/\                                                                                                
                                                                                                                                                               active, not recruiting                                                                                    

  Glioblastoma multiforme;\                              Combination of indoximod and temozolomide                                                             NCT\                                               Not applicable                                         Not applicable
  glioma;\                                                                                                                                                     02052648/\                                                                                                
  gliosarcoma                                                                                                                                                  active, not recruiting                                                                                    

  Metastatic pancreatic cancer                           Combination of indoximod and the standard of care chemotherapy gemcitabine and nab-paclitaxel         NCT\                                               Not applicable                                         Not applicable
                                                                                                                                                               02077881/\                                                                                                
                                                                                                                                                               active, not recruiting                                                                                    
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

IDO1, indoleamine 2,3-dioxygenase; PD1, programmed cell-death 1; PD-L1, programmed cell-death ligand 1.

It should be kept in mind that no IDO1 inhibitors have been tested in patients with gastrointestinal tumors. IDO1 is crucially important for the regulation of immune tolerance in the gut. Accordingly, pharmacologic inhibition of IDO1 may affect intestinal immune response and it is highly expected that suppression of IDO1 activity in the gut will increase sensitivity of cancer patients to colitis.^[@bibr96-1756284818815334]^ These safety concerns must be explored in detail in experimental studies before IDO1 inhibitors can be approved in the therapy of gastrointestinal tumors.

Conclusion {#section8-1756284818815334}
==========

IDO1-dependent control of TRP metabolism is a highly versatile regulator of innate and adaptive immune responses, playing an important role in the pathogenesis of inflammatory and malignant diseases of the gastrointestinal tract. The IDO1/KYN pathway has an important immunoregulatory role in the gut, providing homeostatic balance between immunity and tolerance. An increased IDO1 activity maintains immune tolerance and attenuates ongoing inflammation but allows immune escape and uncontrolled growth of gastrointestinal tumors. Accordingly, the IDO1/KYN pathway represents a novel therapeutic target for the treatment of inflammatory and malignant diseases of the gastrointestinal tract, and consequences of its activation and inhibition should be further explored in future experimental and clinical studies.
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